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An amorphous Ti50Ni25Cu25 alloy was produced by 19 h of mechanical alloying. Anomalous wide angle x-
ray scattering data were collected at six energies and six total scattering factors were obtained. By
considering the data collected at two energies close to the Ni and Cu K edges, two differential anomalous
scattering factors about the Ni and Cu atoms were obtained, showing that the chemical environments
around these atoms are different. Eight factors were used as input data to the reverse Monte Carlo
method used to compute the partial structure factors STi–Ti(K), STi–Cu(K), STi–Ni(K), SCu–Cu(K), SCu–Ni(K) and
SNi–Ni(K) and the partial pair distribution functions GTi–Ti(r), GTi–Cu(r), GTi–Ni(r), GCu–Cu(r), GCu–Ni(r) and
GNi–Ni(r). From the RMC ﬁnal atomic conﬁguration and Gij(r) functions, the coordination numbers and
interatomic atomic distances for the ﬁrst neighbors were determined.
& 2013 Elsevier B.V. All rights reserved.1. Introduction
Alloys with shape memory effect (SME) based on TiNi alloys
have been used in different areas of science and technology, such
as electronics, medicine and the space industry [1]. Among them,
the Ti50Ni25Cu25 has been widely studied, but knowledge about its
structure and properties is still incomplete. In part, this is due to
the fact that this alloy is produced in the amorphous state and the
crystalline Ti2NiCu phase is obtained via crystallization [2]. Knowl-
edge of its structure in the amorphous state seems to be manda-
tory for a better understanding of the relationship between
properties and microstructure.
The structure of an amorphous alloy containing n constituents is
described by n(n+1)/2 partial pair correlation functions Gij(r), which
are related to the partial structure factors Sij(K) through a Fourier
transformation. Here, |K|¼4π(sinθ)/λ is the transferred wave vector.
The total structure factor S(K), which can be derived from scattering
measurements, is a weighted sum of these n(n+1)/2 Sij(K) factors [3].ll rights reserved.
: +55 48 37219946.
).Thus, in order to determine the n(n+1)/2 Sij(K) factors, at least the
same number of independent S(K) factors are needed. Usually, the
isomorphous substitution and isotope substitution methods [4,5]
have been used to obtain these factors.
With the development of synchrotron radiation sources, anom-
alous wide angle x-ray scattering (AWAXS) and differential anom-
alous scattering (DAS) techniques became available for structural
study of multicomponent disordered materials. AWAXS uses an
incident radiation that is tuned close to an atomic absorption edge
so that it interacts resonantly with the electrons of that particular
atom. The atomic scattering factor, f(K,E)¼ f0(K)+f′(E)+if″(E), of
each chemical component can therefore be varied individually
and the chemical environment about each component in the
material can be investigated. Thus, in the case of an amorphous
alloy containing n(n+1)/2 constituents, the n(n+1)/2 independent
S(K) factors can be obtained from a single sample. However, the
matrix formed by their weights is ill-conditioned, compromising
the determination of the n(n+1)/2 Sij(K) factors.
Fuoss et al. [6,7] tried to overcome this difﬁculty by imple-
menting the differential anomalous scattering (DAS) approach,
which was proposed by Schevchik [8,9]. The DAS approach
consists of computing the difference between the scattering
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edge of an atom, so that all correlations not involving this
particular atom subtract out, since only the atomic scattering
factor of this atom changes appreciably. Later, de Lima et al. [10],
following a suggestion made by Munro [11], combined the
differential scattering factors DSF(K) and the S(K) factors to obtain
the three SNi–Ni(K), SNi–Zr(K) and SZr–Zr(K) factors for the amorphous
Ni2Zr alloy. They observed that this combination reduces the
conditioning number of the matrix formed by the weights of
these factors, allowing more stable values of Sij(K) to be obtained.
The reverse Monte Carlo (RMC) simulation technique [12–15]
has been successfully used for structural modeling of amorphous
structures. One or more S(K) factors or their Fourier transforma-
tions, named as total pair correlation functions G(r), can be used as
input data. Recently, de Lima et al. [16,17] reported the determina-
tion of the SNi–Ni(K), SNi–Zr(K) and SZr–Zr(K) factors for amorphous
NiZr2 and NiZr3 alloys by using a combination of AWAXS, DAS and
RMC simulation techniques. These excellent results motivated us
to apply RMC simulation to a ternary amorphous Ti50Ni25Cu25
alloy produced by mechanical alloying (MA). Thus, the aim of this
paper is to report the partial Sij(K) factors obtained considering the
S(K) and Ni- and Cu-DSF(K) factors as input data.2. Experimental procedure
2.1. Sample preparation
A stoichiometric ternary Ti50Ni25Cu25 mixture of elemental
powders of Ti (Alfa Aesar, 60–100 mesh, purity 99.9%), Ni (Alfa
Aesar, purity 99.9%, 2.2–3 μm) and Cu (Alfa Aesar, 19 μm, purity
99.9%) was sealed together with several steel balls 11.0 mm in
diameter into a cylindrical steel vial under argon atmosphere. The
ball-to-powder weight ratio was 4:1. The vial was mounted on a
SPEX mixer/mill model 8000. The temperature was kept close to
room temperature by a ventilation system. After 19 h of milling,
the measured X-ray diffraction (XRD) pattern showed broad halos
characteristic of amorphous materials and the milling process was
interrupted. No peaks of elemental Ti, Ni, Cu or any crystalline
phase were observed. The XRD patterns were recorded using a
Miniﬂex Rigaku powder diffractometer with CuKα radiation
(λ¼1.5418 Å). The amorphous nature of the as-milled powder
was conﬁrmed by differential scanning calorimetry (DSC) mea-
surements, under nitrogen ﬂow, performed in a TA Instruments
2010 DSC cell with a heating rate of 10 1C/min. Al pans were used.
2.2. AWAXS measurements and data analysis
AWAXS apparatus is composed by a two-circle diffractometer
in the vertical plane equipped with a channel-cut Si(2 2 0) single
crystal monochromator and a Si:Li energy-sensitive detector. The
pulses are processed by a multichannel analyzer. This energy-
sensitive detector is able to discriminate the large Kα resonant
Raman or ﬂuorescence signal when the incident photon energy is
tuned close to the K edges, but cannot distinguish the Kβ ﬂuores-
cence signal and inelastic scattering (Compton) from elastically
scattering. To minimize the air scattering at low K, the sample is
sealed, under vacuum, into a cell containing a large kapton
window ﬁxed around the diffractometer horizontal rotation.
Details on the AWAXS apparatus and data analysis are described
in Refs. [18,19].
In this study, AWAXS measurements were performed at 8233,
8333, 8433, 8877, 8979 and 9077 eV, with a step ΔK¼0.025 Å−1, at
the DB12A (XRD1) beamline of the Brazilian Synchrotron Light
Laboratory (LNLS). No measurements at the Ti K edge
(EK¼4966 eV) were performed due to the small Kmax reached(Kmax¼5 Å−1), and no vacuum cell around the sample was used to
minimize the air scattering. The energy and average current of the
storage ring were 1.37 GeV and 150 mA, respectively. The DB12A
beamline is equipped with a sagittal focusing double crystal Si
(1 1 1) monochromator and a Huber diffractometer with a new
arm to improve the stability of the analyzing crystals, slits,
detector and a cyberstar scintillation detector [20,21]. Due to the
use of a scintillation detector, a graphite analyzer (d¼3.3585 Å)
was used in the secondary beam to suppress the Ti, Ni and Cu Kα
ﬂuorescence signal. However, its mosaic spread (0.4–0.51) did not
permit to distinguish the air scattering, Kβ ﬂuorescence signal and
inelastic scattered intensity from the elastically scattered intensity.
Thus, with the exception of scattered intensity measured at the
energy 8233 eV, where no Ni and Cu Kβ and Kα ﬂuorescence signals
were generated, the measured scattered intensities were the sum
of air scattering, Ti, Ni and/or Cu Kβ ﬂuorescence signals, elastically
and inelastically scattered intensities. In order to subtract the
contributions of air scattering and Kβ ﬂuorescence signal from the
scattered intensities, the patterns of air scattering, Ni and Cu Kα
ﬂuorescence signals were measured. The air scattering pattern was
measured removing the sample and sample holder, while the Ni
and Cu Kα ﬂuorescence signals were measured tuning the graphite
analyzer at the angles θ¼14.3011 and 13.2691, respectively. Com-
monly, the intensity of the Kβ ﬂuorescence signal is estimated
using the theoretical Kβ/Kα ratio. However, the Ni and Cu Kα
ﬂuorescence signals were not used because they displayed broad
halos of low intensity located at the same K values where on the
measured scattered intensities halos are observed. Thus, an
approach to subtract these contributions of scattered intensities
was developed and will be shown in the next sections.
The S(K) factors were derived from the elastically scattered
intensities put on a per-atom scale (normalized to electron units)
after the sum of elastically and inelastically scattered intensities
was corrected for reabsorption effects following the procedure
described in Ref. [3] and the inelastic scattered intensity was
subtracted. The inelastic scattered intensity was calculated accord-
ing to the analytic approximation given by Pálinkas [22]. At the
DB12A beamline the incident radiation polarization is in the
horizontal plane, while the acquisition of AWAXS data was in the
vertical plane. Thus, the polarization correction was disregarded.
The reduced total distribution function γ(r) [γ(r)¼4πρ0r[G(r)−1]],
the total pair distribution function G(r) and the total radial
distribution function RDF(r) [RDF(r)¼4πρ0r2G(r)] functions are
obtained from the Fourier transform of S(K) factor. Refs.
[3,10,16,17] give a good revision on the use of these functions to
study amorphous materials.3. Determination of the real and imaginary parts of the atomic
scattering factor
In order to interpret the scattering data correctly at the Ni and
Cu K edges (EK¼8333 and 8979 eV), the real and the imaginary
parts f′ and f″ of the atomic scattering factor were determined
following a procedure described by Dreier et al. [23] and used by
us in other papers [10,16,17]. For this, x-ray absorption (XAS)
coefﬁcients were measured at LNLS near the Ni and Cu K edges on
the sample and f″ was calculated using the optical theorem.
Outside the region of measurement, theoretical values of f″ taken
from a table compiled by Sasaki [24] were used to extend the
experimental data set over a larger energy range and f′ was
calculated using the Kramers–Kronig relation, as illustrated in
Figs. 1–3. For the measurements away from the K edges, the f′
and f″ values given in table compiled by Sasaki were used. The
resulting values for incident photon energies 8333 eV and 8979 eV
are listed in Table 1 together with Sasaki values. The atomic
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Fig. 1. Imaginary part f″ of the atomic scattering factor about the K edges of Ni and
Cu in the amorphous Ti50Ni25Cu25 alloy.
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Fig. 2. Real part f′ of the atomic scattering factor about the K edge of Ni in the
amorphous Ti50Ni25Cu25 alloy.
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Fig. 3. Real part f′ of the atomic scattering factor about the K edge of Cu in the
amorphous Ti50Ni25Cu25 alloy.
Table 1
Real and imaginary parts f′ and f″ of the atomic scattering factor used in this work. f
′and f″ values used here.
Energy (eV) f′Ti f″Ti f′Ni f″Ni f′Cu f″Cu
8233 0.212 1.746 −4.235 0.491 −2.225 0.565
8333 0.229 1.697 −7.714 1.407 −2.371 0.551
8433 0.239 1.668 −3.913 3.816 −2.501 0.541
8877 0.278 1.534 −2.051 3.503 −3.934 0.495
8979 0.288 1.496 −1.784 3.427 −8.108 1.483
9077 0.292 1.477 −1.668 3.387 −4.384 3.843
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Fig. 4. Measured scattered intensity at the energy 8333 eV (dark olive solid curve),
ﬁt of air scattering +NiKβ ﬂuorescence signal (dark gray solid curve), and elastically
+inelastically scattered intensities+offset count from zero (pink solid curve). (For
interpretation of the references to color in this ﬁgure legend, the reader is referred
to the web version of this article.)
J.C. de Lima et al. / Physica B 424 (2013) 60–6862scattering factor away from the K edge f0 (K) of neutral Ti, Ni and
Cu atoms were calculating according to the analytic function given
by Cromer and Mann [25].4. Approach to subtract the air scattering and the content of Kβ
ﬂuorescence signal of the measured scattered intensity
Two procedures were tried to subtract air scattering from the
scattered intensities: that described in Ref. [26], and another in
which the air scattering pattern was ﬁtted to an exponential decay,
since it has the shape of an exponential decay and is signiﬁcant up
to K≈2 Å−1. For the ﬁtting, the baseline tool available in the Origin
software [27] was used. The results were similar, and since the last
is easier, it was kept. Experimentally, the Kα and Kβ ﬂuorescence
signals increase with increasing K values and have no peaks. Due
to the impossibility of using the Ni and Cu Kβ ﬂuorescence signals
as explained in Section 2.2, it was assumed that the content of Kβ
ﬂuorescence signal present in the scattered intensities can be
represented by an arbitrary function F(K), which can be drawn
using the baseline tool available in the Origin software. Fig. 4
shows the ﬁts of air scattering and Kβ ﬂuorescence that were
subtracted from the measured scattered intensity at the energy
8333 eV, leaving the sum of elastic and inelastic intensities offset
count to zero. The missing intensity (offset count from zero) was
found by considering the measured scattered intensity at the
energy 8233 eV, which is offset count from zero by a certain
value, and was acquired with the smallest number of counts per
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J.C. de Lima et al. / Physica B 424 (2013) 60–68 63point. At the DB12A beamline, the software used to control the
monochromator, the diffractometer and to record the measured
scattered intensity uses the number of counts per point to take
into account the time decrease of the beam. Depending on the
energy and the average current of the storage ring, different
numbers of counts per point were selected, resulting that scat-
tered intensities with different content of air scattering and Kβ
ﬂuorescence were recorded. The missing intensity was computed
assuming that it is proportional to that present in the measured
scattered intensity at the energy of 8233 eV. The constant of
proportionality was calculated considering the ratio between the
integrated measured scattered intensity at the selected energy and
the integrated intensity measured at the energy of 8233 eV. This
approach has been successful, as will be shown in the next
sections.1 2 3 4 5 6 7 8
8333 eV
El
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8233 eV
Fig. 6. Elastically scattered intensities on a per-atom scale together with the mean-
square scattering factors (dark gray solid curves).
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5.1. Total structure factors, differential structure factors, and
differential distribution functions
Fig. 5 shows the recorded thermogram for the Ti50Ni25Cu25
powder milled for 19 h. The exothermic peak seen at about
489.5 1C corresponds to crystallization of the amorphous
phase. In other studies, Shelyakov et al. [28] and Rosner et al.
[29] investigated the crystallization of amorphous melt-spun
Ti50Ni25Cu25 ribbons. These workers reported crystallization peaks
at 461 1C and 455 1C, respectively.
Fig. 6 shows the normalized elastically scattered intensities
together with the mean-square scattering factors o f2(K,E)4 for
the energies listed in Table 1. From this ﬁgure one can see that all
the elastically scattered intensities display a very intense halo at
about K≈2.93 Å−1 and a second, low intensity halo at about
K≈4.97 Å−1. Pushin et al. [30] and Skryabina et al. [31] reported
x-ray scattering patterns for amorphous melt-spun Ti50Ni25Cu25
ribbons with similar halos.
Fig. 7 shows the S(K) factors derived from the normalized
elastically scattered intensities shown in Fig. 6. They are similar up
to K¼4 Å−1, whereas for higher K values they display signiﬁcant
differences. The average interatomic distance corresponding to the
ﬁrst neighbors can be estimated from the main halo at about200 250 300 350 400 450 500 550
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Fig. 5. DSC thermogram of an amorphous Ti50Ni25Cu25 alloy produced after 19 h of
milling.
K (Å-1)
Fig. 7. Total structure factors S(K) for the incident photon energies listed in Table 1.K≈2.93 Å−1 using the Ehrenfest relation r¼λ/Esinθ¼4π/EK. If the
structure dependent constant E is taken as 1.671 [32], an r value of
2.57 Å is obtained. Since S(K) is a weighted sum of Sij(K), the
weights Wij(K) for the STi–Ti(K), STi–Cu(K), STi–Ni(K), SCu–Cu(K),
SCu–Ni(K) and SNi–Ni(K) factors were calculated. For K¼2.93 Å−1,
the contributions to the S(K) factor at 8333 eV are about 23%, 30%,
20%, 10%, 13% and 4%, respectively, while to S(K) factor at 8979 eV
are about 23%, 21%, 29%, 5%, 13% and 9%, respectively. Due to the
small contributions of SCu–Cu(K), SCu–Ni(K) and SNi–Ni(K) factors to S
(K) ones, their determination is more difﬁcult than the determina-
tion of STi–Ti(K), STi–Cu(K) and STi–Ni(K) factors.
Fig. 8 shows the γ(r) functions corresponding to the S(K) factors
shown in Figs. 7. For r410 Å, the oscillations are very weak and,
therefore, they are shown only up to r¼10 Å. The straight line γ
(r)¼4πρ0r is shown together with the γ(r) function for an energy of
8233 eV. The oscillations are related to the small Kmax value
achieved in S(K) factors (Kmax¼6.625 Å−1) and the γ(r) functions
must oscillate about the straight line, as shown in Fig. 8. The slope
of the γ(r) function is equal to 4πρ0 and the density of alloy can be
0 1 2 3 4 5 6 7 8 9 10
9077 eV
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8877 eV
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8333 eV
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8233 eV4
Fig. 8. Reduced total distribution function γ(r) obtained from the Fourier transfor-
mation of S(K) factors. The straight line γ(r)¼4πρ0r is also shown.
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Fig. 9. Differential structure factors Ni-DSF(K) and Cu-DSF(K). The smoothed open
circle curves were obtained after smoothing them using FFT ﬁlter tool, with
7 points, available in the Origin software.
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Fig. 10. Differential distribution functions DDF(r) obtained from the Fourier
transformation of DSF(K) factors.
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obtained. The JCPDS Database [33] gives a density between 6.481
and 6.743 g/cm3 for TiNi, while for the TiCu the density is between
6.509 and 6.574 g/cm3. From this ﬁgure, one can see that the ﬁrst
neighbor shell, with an average distance of r≈2.70 Å, is well
isolated, while the second one, between r¼3.50 and 6 Å, is broad
and splits into two sub-shells with increasing photon energy.
The formalism of the differential structure factor DSF(K,Em,En)
about a speciﬁc atom is described in Refs. [16,17] and will not be
repeated here. Fig. 9 shows the Ni-DSF(K) and Cu-DSF(K) factors
obtained from the difference between the normalized elastic
scattered intensities measured at 8333 and 8433 eV and at 8979
and 9077 eV, respectively. The Ni-DSF(K) and Cu-DSF(K) factors
describe the chemical environments around the Ni and Cu atoms
in the amorphous Ti50Ni25Cu25 alloy, and one can see that they are
different. For example, the main halo at about K¼3 Å−1 is better
deﬁned in the Ni-DSF(K) factor, meaning that the chemical bondsinvolving the Ni atoms are more ordered than those involving the
Cu atoms. Since Ni-DSF(K) factor is a weighted sum of the Sij(K)
factors, the weights Wij(K) for the STi–Ti(K), STi–Cu(K), STi-Ni(K),
SCu–Cu(K), SCu-Ni(K) and SNi-Ni(K) factors were calculated. For
K¼2.93 Å−1, their contributions to Ni-DSF(K) are about 0.2%, 1%,
48%, 1%, 30% and 24%, respectively. Thus, the Ni-DSF(K) factor is a
weighted sum of STi–Ni(K), SCu-Ni(K) and SNi-Ni(K) factors. For the
Cu-DSF(K) factor, they are about 0.05%, 45%, 1%, 24%, 29% and 0.8%,
respectively. Thus, the Cu-DSF(K) factor is a weighted sum of
STi–Cu(K), SCu–Cu(K) and SCu–Ni(K) factors. The weights of the
SNi–Ni(K) and SCu–Cu(K) factors suggest that more stable factors
can be obtained using the six S(K) plus the Ni-DSF(K) and Cu-DSF
(K) factors as input data for the RMC simulations. Fig. 10 shows the
DDF(r) functions corresponding to the Ni-DSF(K) and Cu-DSF(K)
factors shown in Fig. 9, and they corroborate the fact that the
chemical environments around the Ni and Cu atoms are different.
No study on the local amorphous structure of Ti50Ni25Cu25 was
found in the literature to compare with the Ni-DSF(K) and Cu-DSF
(K) factors obtained in the present work. On the other hand, an
EXAFS and XRD study on the local crystalline cubic Ti50Ni25Cu25
structure (B2) was performed by Yaroslavtsev et al. [34]. Those
workers produced amorphous Ti50Ni25Cu25 thin bands by compo-
nents melt extrusion from the quartz crucible through the thin
nozzle on the surface of rotating copper disk, with a cooling rate of
106 K/sec. An isotropic annealing in the air at ∼500 1C for 4 min
promoted the crystallization of amorphous thin bands into the B2
structure. From the XRD pattern of annealed samples, a lattice
parameter of a¼3.060 Å was obtained. From the EXAFS measure-
ments performed above the Ni K edge at 30 1C, the wavelet
transform of EXAFS-function showed the closest coordination
shell containing 8 Ti atoms (NNi–Ti¼8) and 6 atoms (they assumed
as being NNi–Ni¼3 and NNi–Cu¼3). The Ni-DSF(K) factor is a
weighted sum of STi–Ni(K), SCu–Ni(K) and SNi–Ni(K) factors, suggest-
ing some similarity between the local amorphous and crystalline
Ti50Ni25Cu25 B2 structures.
5.2. Partial structure factors obtained from the reverse Monte Carlo
simulations
The basic idea and the algorithm of the standard reverse Monte
Carlo (RMC) method are described elsewhere [12–15] and its
application to different materials is documented in the literature.
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Fig. 11. Experimental (open circle curves) and simulated (dark gray solid curves) S
(K) factors.
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Fig. 12. Partial structure Sij(K) factors obtained from the RMC simulations using the
ﬁrst input data set (open circle curves) and the second one (dark gray solid curves).
See the text for input data sets.
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For the RMC simulations, a density ρ0¼0.06818 atoms/Å3 and
5000 atoms (2500 Ti, 1250 Ni and 1250 Cu) were used to generate
an initial random conﬁguration, without unreasonably short
interatomic distances, in a cubic box of edge L¼42 Å. The density
ρ0 of the amorphous Ti50Ni25Cu25 alloy is an important input
parameter of the RMC simulations. Since it is not easy to
determine ρ0 experimentally, because the alloy is an amorphous
powder, the procedure described in Refs. [35,36] was used to
obtain the best density value.
It is well known that the Gij(r) functions have the ﬁrst neighbor
shells well represented by one or more Gaussian functions. With
the exception of pre-peaks, which are associated with intermedi-
ate range order, those located before the ﬁrst shell have no
physical meaning. These features should be pursued in any
method used for modeling the atomic structure of amorphous
materials. We assumed cutoff distances Δij in the RMC simulations
to act as constraints on the short-range structure, and these were
carefully investigated. In the absence of a direct Fourier transform,
there are no criteria for choosing them; however, some physical
considerations about the kinds of atoms as well as their concen-
tration in the alloy may be useful. The atomic radii of Ti, Ni and Cu
atoms are 1.45 Å, 1.25 Å and 1.28 Å, respectively; the Ni and Cu
concentrations in the amorphous Ti50Ni25Cu25 alloy are 25 at%
(diluted alloy). Thus, the value of ΔNi−Ni and ΔCu−Cu may be greater
than those involving Ti atom (ΔTi−Ti, ΔTi−Ni and (ΔTi−Cu). Based on
these considerations, several sets of cutoff distances Δij were
examined. Each Δij set was introduced in the initial random
conﬁguration before submitting it to a process to maximize the
amount of disorder (entropy). This process is well described in the
RMC manual. In order to prevent the presence of spurious artifacts
in Sij(K) and Gij(r) that could lead to misinterpretations, the S(K)
factors were smoothed using the smoothing tool (considering FFT
ﬁlter and ﬁve points) available in the Origin software. The
preservation of all physical information present in the original S
(K) factors was conﬁrmed by comparing the G(r) and RDF(r)
functions before and after the smoothing process. Similarly, the
Ni-DSF(K) and Cu-DSF(K) factors were smoothed with 5 and
7 points. The latter smoothing process is shown in Fig. 9 (open
circle curves). Their DDF(r) functions show no changes compared
with those shown in Fig. 10.
In order to perform the RMC simulations, three input data sets
were used: the ﬁrst contained the smoothed S(K) factors measured
at energies 8233, 8333, 8433, 8877, 8979 and 9077 eV plus the
Ni-DSF(K) and Cu-DSF(K) factors smoothed with seven points; the
second contained the smoothed S(K) factors measured at energies
8333, 8433, 8877 and 8979 eV; and the third contained only the
Ni-DSF(K) and Cu-DSF(K) factors smoothed with ﬁve points. The
latter will show the inﬂuence of the smoothing process using ﬁve
and seven points in the Sij(K) and Gij(r). Also for the latter, STi–Ti(K)
and GTi–Ti(r) were not simulated because STi–Ti(K) does not con-
tribute to Ni-DSF(K) and Cu-DSF(K) factors. The computational
RMC code needs that all the S(K) factors have the same Kmax value.
The Kmax values for the ﬁrst and two last input data sets are 6.625
and 7.4 Å−1, introducing a ﬁctitious breadth Δr≈0.57 Å [Δr¼3.8/
Kmax] to the peaks on the Gij(r) functions, making difﬁcult to
distinguish the presence of subshells.
The best simulations were achieved considering the cutoff
distances ΔTi−Ti¼2.15 Å and ΔTi−Ni¼ΔTi−Cu¼ΔNi−Ni¼ΔCu−Cu¼2.0 Å.
Fig. 11 shows the experimental (open circle curves) and simulated
(solid lines) S(K) factors for the second input data set, and one can
see a good agreement. Figs. 12 and 13 show the partial STi–Ti(K),
STi–Cu(K), STi–Ni(K), SCu–Cu(K), SCu-Ni(K) and SNi–Ni(K) factors and GTi–
Ti(r), GTi–Cu(r), GTi–Ni(r), GCu–Cu(r), GCu–Ni(r) and GNi–Ni(r) obtained
from the RMC simulations using the ﬁrst input data set (opencircle curves), the second (dark gray solid curves) and the third
(pink solid curves). These ﬁgures show a good agreement between
Sij(K) and Gij(r) obtained using the ﬁrst and the third input data
sets. This seems to be related with the presence of the Ni-DSF(K)
and Cu-DSF(K) factors in both input data sets. Also, the smoothing
using ﬁve and seven points has no inﬂuence on the results. Since
the amorphous alloy studied is rich in Ti, a good agreement
between the STi–Ti(K) and GTi–Ti(r) obtained using the ﬁrst and
second input data sets is observed. The Sij(K) and Gij(r) obtained
using the second input data set show a good agreement with the
previous ones, but the SCu–Cu(K) and GCu–Cu(r) are less structured.
In Fig. 13, the ﬁrst neighbor shells (ﬁrst peak) show an
asymmetry that is more pronounced for the GTi–Cu(r) and GCu–
Cu(r) functions. Using the Origin software they were well ﬁtted
using two Gaussian functions, and using the area centroid 〈r〉¼
A1r1+A2r2/(A1+A2), where Ai and ri are the area and distance given
by ﬁt, average interatomic distances for the ﬁrst neighbors were
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Fig. 13. Partial pair distribution functions Gij(r) obtained from the RMC simulations
using the ﬁrst input data set (open circle curves) and the second one (dark gray
solid curves).
Table 2
Structural parameters determined for the local structure of an amorphous
Ti50Ni25Cu25 alloy and structural parameters for other amorphous and crystalline
Ti–Ni alloys.
a-Ti50Ni25Cu25 (this work)
Neighbors
1st input data
set
2nd input data
set
3rd input data
set
Average
N 〈r (Å)〉 N 〈r (Å)〉 N 〈r (Å)〉 N r(Å)
Ti–Ti 6.16 2.73 6.45 2.76 - - 6.30 2.74
Ti–Ni 2.85 2.66 3.27 2.73 3.04 2.56 3.05 2.65
Ni–Ti 5.70 2.66 6.54 2.73 6.07 2.56 6.10 2.65
Ti–Cu 3.31 2.70 3.29 2.77 3.02 2.65 3.21 2.71
Cu–Ti 6.62 2.70 6.57 2.77 6.03 2.65 6.41 2.71
Ni–Ni 2.62 2.63 3.19 2.71 2.51 2.58 2.77 2.64
Ni–Cu 3.13 2.64 3.22 2.73 2.97 2.65 3.11 2.67
Cu–Ni 3.13 2.64 3.22 2.73 2.97 2.65 3.11 2.67
Cu–Cu 3.32 2.68 3.30 2.70 3.43 2.68 3.35 2.69
a-Ti60Ni40
(Ref. 37)
a-Ti54Ni46
(Refs. 35,36)
a-Ti40Ni60
(Ref. 38)
Ni–Ni 2.3 2.63 5.5 2.67 7.0 2.52
Ni–Ti 7.9 2.60 6.6 2.63 5.9 2.57
Ti–Ni 5.3 2.60 5.7 2.63 8.9 2.57
Ti–Ti 8.0 3.01 6.5 2.71 4.5 2.70
c-TiNi (Ref. 33) c-TiCu (Ref. 33)
Ni–Ni 6 3.01 Cu–Cu 4 2.496
Ni–Ti 8 2.607 Cu–Cu 4 3.108
Ti–Ni 8 2.607 8 〈2.802〉
Ti–Ti 6 3.01 Cu–Ti 5
Ti–Cu 5 〈2.65〉
Ti–Ti 4 〈2.65〉
Ti–Ti 4 2.825
8 3.108
〈2.966〉
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Fig. 14. Normalized elastically scattered intensity at the energy 8333 eV (olive solid
curve) together with the simulated XRD pattern of crystalline cubic Ti50Ni25Cu25
phase (B2) for an average crystallite size of 20 Å and lattice parameter a¼3.060 Å
(violet solid curve) and 3.175 Å (pink solid curve). (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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neighbor shells was taken as the upper limit of the ﬁrst shell.
Using this upper limit and the ﬁnal atomic conﬁguration resulting
from the RMC simulations together with the computational NEIGH
code [16], the coordination numbers for the ﬁrst neighbors were
obtained. The coordination numbers and average interatomic
distances for the ﬁrst neighbors are listed in Table 2 together with
some results reported in the literature for comparison. One can see
that, within the precision of the technique (≈0.5), the coordination
numbers are similar. On the other hand, the smallest average
interatomic distances were obtained using the third input data set.
This fact may be related with the smaller number of pairs
contributing to ﬁrst neighbor shells. Recently, the amorphous
structures of the Ti60Ni40 [37], Ti54Ni46 [35,36] and Ti40Ni60 [38]
alloys were modeled using the RMC simulations and the results
achieved are listed in Table 2. For amorphous Ti50Ni25Cu25 the
following relationship among the coordination numbers is
observed: 〈NNi–Ni〉+〈NCu–Cu〉¼6.12, 〈NTi–Ni〉+〈NTi–Cu〉¼6.26 and
〈NTi–Ti〉¼6.30. These values are near to those reported for amor-
phous Ti54Ni46, suggesting that the Cu atoms replace the Ni ones in
the amorphous Ti50Ni25Cu25 structure. On the other hand, they are
different of those reported for the amorphous Ti40Ni60 and Ti60Ni40
alloys.
Louzguine and Inoue [2] studied the crystallization behavior of
the amorphous Ti50Ni25Cu25 alloy. They indexed the XRD pattern
of the crystalline Ti2NiCu phase to a cubic structure (B2), with S.G.
Pm-3m and lattice parameter a¼3.047 Å. According to them, the
lattice parameter of Ti2NiCu is very close to that of the cubic TiNi
phase (S.G. Pm-3m, a¼2.972 or 2.998 Å [33]), indicating that this
phase is a solid solution of Cu in TiNi phase with Cu atom replacing
Ni atoms located at the corners of the unit cube. These results
agree with those reported by Yaroslavtsev et al. [34].
Based on the Refs. [2,34] and the results obtained in this study,
a similarity between the local amorphous and crystalline
Ti50Ni25Cu25 (B2) structures was examined. In the cubic TiNi
structure the Ti atoms occupy the 1b (1/2,1/2,1/2) Wyckoff posi-
tion, while Ni atoms the 1a (0,0,0) position. In this structure Ni
atoms were replaced by Cu atoms to give an occupation number of
0.5. By using the FindIt software [39], the lattice parameter
a¼3.060 Å [34] and a mean crystallite size of 20 Å, the XRD
pattern of the cubic Ti50Ni25Cu25 (B2) structure was simulated
and is shown in Fig. 14 together with the normalized scatteredintensity measured at energy 8333 eV. From this ﬁgure one can
see that the most intense crystalline diffraction peak and main
amorphous halo located at about K¼3 Å−1 are almost overlapped.
Between K¼3.8 and 6.5 Å−1, the two crystalline diffraction peaks
became a very broad band in the amorphous phase, showing
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
Ti-Cu-Ti
Ni-Cu-Ni
Cu-Cu-Cu
Ti-Ni-Ti
Cu-Ni-Cu
Ni-Ni-Ni
cos(bond-angle)
Ti-Ti-Ti
Cu-Ti-Cu
Ni-Ti-Ni
Fig. 15. Ti–Ti–Ti, Cu–Ti–Cu, Ni–Ti–Ni, Ni–Ni–Ni, Cu–Ni–Cu, Ti–Ni–Ti, Cu–Cu–Cu,
Ni–Cu–Ni, Ti–Cu–Ti bond-angle distributions (the angle is centered at the middle
atom) obtained from the ﬁnal atomic conﬁguration.
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Fig. 16. Cu–Ti–Ti, Ni–Ti–Cu, Ni–Ti–Ti, Ni–Ni–Cu, Ni–Ni–Ti, Cu–Ni–Ti, Ni–Cu–Cu,
Cu–Cu–Ti, Ni–Cu–Ti bond-angle distributions (the angle is centered at the middle
atom) obtained from the ﬁnal atomic conﬁguration.
J.C. de Lima et al. / Physica B 424 (2013) 60–68 67a similarity between these two structures. A better agreement is
obtained considering a lattice parameter value a¼3.175 Å as
shown in Fig. 14 (pink solid curve).
It is known that the orientational correlations in disordered
structures can be well represented by the distribution of the
cosines of the bond-angles β[cos(θ)]. Bonds were deﬁned by
neighbors within the ﬁrst coordination shell, considering the
upper limit values used to calculate the coordination numbers.
Figs. 15 and 16 show the Θi–j–l bond-angle distributions (the angle
is centered at the middle atom j) obtained from the ﬁnal atomic
conﬁguration for the ﬁrst input data set formed by the six S(K) and
Ni-DSF(K) and Cu-DSF(K) factors. The Θi–j–l bond-angle distribu-
tions obtained from the ﬁnal atomic conﬁguration and obtained
for the two other input data sets were similar. All the bond-angle
distribution curves show peaks centered at about cos(θ)≈0.601
(θ¼531) and cos(θ)≈−0.243 (θ¼1041). The triangle and idealtetrahedral angles are θ¼601 and 109.51, respectively. The Θi–j–l
bond-angle distributions reported for the amorphous Ni46Ti54
alloy show peaks centered at about cos(θ)≈0.50 (θ¼601) and cos
(θ)≈−0.375 (θ¼1121) [35]. By comparing the Θi–j–l bond-angle
distributions for these two amorphous alloys it seems that
replacement of Ni by Cu in the amorphous Ti50Ni25Cu25 structure
promotes distortion in the chemical bonds, mainly in the Cu–Cu
and Ti–Cu ones as suggested by the asymmetry seen in the ﬁrst
Cu–Cu and Ti–Cu neighbor shells displayed in Fig. 13.6. Conclusions
A stoichiometric Ti50Ni25Cu25 mixture was submitted to
mechanical milling, and after 19 h of milling the XRD pattern
showed the presence of an amorphous Ti50Ni25Cu25 phase. Due to
the experimental conditions present at the DB12A (XRD1) beam-
line during the AWAXS measurements, an approach to subtract the
air scattering and Ni and Cu Kβ ﬂuorescence signals from measured
scattered intensities was developed. Three input data sets were
used for the RMC simulations. Although the contributions of the
SCu–Cu(K) and SNi–Ni(K) factors to S(K) are very small, the Sij(K)
factors and Gij(r) functions obtained from the RMC simulations
considering the three input data sets showed good agreement. The
coordination numbers and interatomic distances for the ﬁrst
neighbors obtained for the three input data sets also showed good
agreement. The results suggest that in the amorphous Ti50Ni25Cu25
phase the Cu atoms replace Ni ones as in the crystalline cubic
Ti2NiCu phase, promoting distortions in the chemical bonds.Acknowledgments
The authors thank the Brazilian agencies CNPq, CAPES, FAPESC
and LNLS for ﬁnancial support. We are indebted to the staff of the
DB12A beamline (LNLS) for assistance during the AWAXS
measurements.
References
[1] S.P. Belyaev, V.V. Istomin-Kastrovskiy, V.V. Koledov, D.S. Kuchin, N.N. Resnina,
V.G. Shavrov, A.V. Shelyakov, S.E. Ivanov, Phys. Procedia 10 (2010) 39 and
references therein.
[2] D.V. Louzguine, A. Inoue, J. Mater. Sci. 35 (2000) 4159.
[3] C.N.J. Wagner, in: S.Z. Beer (Ed.), Liquid Metals, Marcel Dekker, New York,
1972.
[4] A.E. Lee, S. Jost, C.N.J. Wagner, L.E. Tanner, J. Phys. Colloq. C8 (1985) 46.
[5] T. Mizoguchi, S. Yoda, N. Akutsu, S. Yamada, S. Nishioka, T. Suenara,
N. Watanabe, Rapid Quenched Mater 51 (1985) 483.
[6] P. Fuoss, SSRL Report no. 80/06, 1980.
[7] P.H. Fuoss, P. Eisenberger, W. Warburton, A. Biennenstock, Phys. Rev. Lett. 46
(1981) 1537.
[8] N.J. Shevchik, Philos. Mag. 35 (1977) 805.
[9] N.J. Shevchik, Philos. Mag. 35 (1977) 1289.
[10] J.C. de Lima, J.M. Tonnerre, D. Raoux, J. Non-Cryst. Solids 106 (1988) 38.
[11] R. Munro, Phys. Rev. B 25 (1982) 5037.
[12] R.L. McGreevy, L. Pusztai, Mol. Simul. 1 (1988) 359.
[13] R.L. McGreevy, Nucl. Instrum. Methods Phys. Res. A 354 (1995) 1.
[14] R.L. McGreevy, M.A. Howe, J.D. Wicks, RMCA version 3, 1993. Available from:
〈http://www.studsvik.uu.se〉.
[15] R.L. McGreevy, J. Phys.: Condens. Matter 13 (2001) 877.
[16] J.C. de Lima, D. Raoux, J.M. Tonnerre, D. Udron, K.D. Machado, T.A. Grandi,
C.E.M. de Campos, T.I. Morrison, Phys. Rev. B 67 (2003) 094210.
[17] J.C. de Lima, D. Raoux, Y. Charriere, M. Maurer, J. Phys.: Condens. Matter 20
(2008) 115103.
[18] M. Laridjani, J.F. Sadoc, D. Raoux, J. Non-Cryst. Solids 91 (1987) 217.
[19] M. Laridjani, D. Raoux, P. Leboucher, J. Sadoc, J. Phys. Colloq. C8 (1985) 157.
[20] C. Cusatis, M.K. Franco, E. Kakuno, C. Giles, S. Morelhão, V. Mello Jr., I. Mazzaro,
J. Synchrotron Rad. 5 (1998) 491.
[21] S.L. Morelhão, J. Synchrotron Rad. 10 (2003) 236;
S.L. Morelhão, Brazilian Synchrotron Light Laboratory (LNLS), p. 104, Activity
Report.
[22] G. Pálinkas, Acta Crystallogr. Sect. A 29 (1973) 10.
J.C. de Lima et al. / Physica B 424 (2013) 60–6868[23] P. Dreier, P. Rabe, W. Malzfeldt, W. Niemann, J. Phys. C: Solid State Phys. 17
(1984) 3123.
[24] S. Sasaki, Anomalous Scattering Factors for Synchrotron Radiation Users,
Calculated Using Cromer and Liberman's Method (National Laboratory for
High Energy Physics), Japan, 1984.
[25] D.T. Cromer, J.B. Mann, Acta Crystallogr. Sect. A 24 (1968) 321.
[26] H.P. Klug, L.E. Alexander, X-ray Diffraction Procedures for Polycrystalline and
Amorphous Materials, 2nd ed., Wiley-Interscience, New York800.
[27] Microcal Origin version 6, Microcal Software, Inc., Northampton, MA.
[28] A.V. Shelyakov, N.N. Sitnikov, A.P. Menushenkov, V.V. Koledov, A.I. Irjak, Thin
Solid Films 519 (2011) 5314.
[29] H. Rosner, A.V. Shelyakov, A.M. Glezer, K. Feit, P. Schlossmacher, Mater.
Sci. Eng. A 273–275 (1999) 733.
[30] V.G. Pushin, R.Z. Valiev, Y.T. Zhu, D.V. Gunderov, A.V. Korolev, N.I. Kourov,
T.E. Kuntsevich, E.Z. Valiev, L.I. Yurchenko, Mater. Trans. 47 (2006) 546.
[31] N.E. Skryabina, D. Fruchart, A.V. Shelyakov, J. Alloys Compd. 434–435 (2007)
751.
[32] C.C. Koch, O.B. Cavin, C.G. McKamey, J.O. Scarbrough, Appl. Phys. Lett. 43 (11)
(1983) 1017.[33] Joint Committee on Powder Diffraction Standards, Philadelphia, 2000.
[34] A.A. Yaroslavtsev, A.P. Menushenkov, R.V. Chernikov, O.V. Grishina,
Y.V. Zubavichus, A.A. Veligzhanin, A.V. Shelyakov, N.N. Sitnikov, Journal of
Physics: Conference Series 291 (2011) 012025.
[35] A.A.M. Gasperini, K.D. Machado, J.C. de Lima, T.A. Grandi, Chem. Phys. Lett. 430
(2006) 108.
[36] A.A.M. Gasperini, K.D. Machado, S. Buchner, J.C. de Lima, T.A. Grandi, Eur. Phys.
J. B 64 (2008) 201.
[37] T. Fukunaga, N. Watanabe, K. Suzuki, J. Non-Cryst. Solids 61–62 (1984) 343.
[38] K.D. Machado, P. Jóvári, J.C. de Lima, A.A.M. Gasperini, S.M. Souza, C.E.
Maurmann, R.G. Delaplane, A. Wannberg, J. Phys.: Condens. Matter 17
(2005) 1703.
[39] ICSD-Inorganic Crystal Structure Database, Gmelin-Institut fur Anorganische
Chemie and Fachinformationszentrum FIZ Karlsruhe, 1995.
